The high-pressure behavior of the clinopyroxenes kanoite Mn 0.9 Mg 1.1 Si 2 O 6 , MnSiO 3 , and CrMgSi 2 O 6 (all space group P2 1 /c) was studied by single-crystal X-ray diffraction in a diamond-anvil cell at room temperature. Phase transitions from P2 1 /c to C2/c clinopyroxene were found and reversed at 5.06 Ϯ 0.14 GPa for kanoite, 2.905 Ϯ 0.005 GPa in MnSiO 3 , and 3.60 Ϯ 0.03 GPa in CrMgSi 2 O 6 . The phase transitions are first-order in character and are accompanied by a volume decrease of approximately 2.3%. The structure of high-pressure C2/c kanoite was determined from single-crystal X-ray intensity data collected at 5.20 GPa, and is very similar to that of high-pressure (HP) C2/c-ferrosilite. Although the space group C2/c is the same as for the high-temperature (HT) kanoite form, the two phases have significantly different structures. The silicate chains are extremely kinked in HP kanoite while they are almost straight in HT kanoite. Compared with the transition pressure of clinoenstatite-clinoferrosilite, the new data suggest that the effective ionic radii of M1 and M2 cations do not exclusively control the transition pressure and that the HP C2/c clinopyroxenes with Cr 2ϩ and Fe 2ϩ gain additional stabilization energy from crystal field effects.
INTRODUCTION
Pyroxenes are major components in the Earth's upper mantle. The stability of a C2/c pyroxene polymorph at upper mantle pressures has been recently demonstrated by the combination of phase equilibria studies in the multi-anvil press (e.g., Pacalo and Gasparik 1990; Kanzaki 1991; Woodland and Angel 1997) with room-temperature X-ray diffraction (XRD) studies of clinopyroxene polymorphs in the diamond-anvil pressure cell (Angel et al. 1992; Hugh-Jones et al. 1994) . The latter showed that, under compression, the low-clinopyroxene polymorphs of enstatite and ferrosilite (space group P2 1 /c) undergo phase transitions to high-pressure clinopyroxene polymorphs with space group C2/c. In both enstatite (MgSiO 3 ) and ferrosilite (FeSiO 3 ) the transitions are first-order, reversible (although with hysteresis 2.5 GPa in MgSiO 3 ), and displacive in character, but the pressure of the phase transitions are very different, approximately 6.5 GPa in MgSiO 3 and 1.7 GPa in FeSiO 3 . The fact that the transition occurs at lower pressures in Fe 2ϩ -bearing pyroxenes than in pure MgSiO 3 (Ross and Reynard 1998, unpublished data) implies that solution of Fe into enstatite will * E-mail: thilo.arlt@uni-bayreuth.de act to stabilize the C2/c polymorph. However, the crystalchemical reasons for this stabilization have remained unclear until now.
The P2 1 /c to C2/c symmetry change at high pressure also occurs upon heating clinoenstatite (Iishi and Kitayama 1995) , pigeonite (Smyth 1969; Smyth and Burnham 1972) , clinoferrosilite (Sueno et al. 1984) , and kanoite (Arlt and Armbruster 1997) . But careful comparison of the structures of the HT and HP C2/c polymorphs of ferrosilite suggests that they are different phases . Kanoite, MnMgSi 2 O 6 , is of potential interest in this context because its transition temperature is much lower (Ͻ250 ЊC, Arlt and Armbruster 1997) than in the enstatite-ferrosilite clinopyroxenes and it therefore provides an opportunity to study the relationship between the high-temperature and high-pressure C2/c forms at experimentally more tractable conditions.
To provide further insights into the crystal chemical factors influencing the structure and stability of the highpressure C2/c clinopyroxene phases and their relationship to the high-temperature forms, we have performed a single-crystal high-pressure diffraction study on kanoite, the Cr 2ϩ -bearing pyroxene CrMgSi 2 O 6 , and MnSiO 3 . 
EXPERIMENTAL PROCEDURES AND CRYSTALLOGRAPHIC PARAMETERS
Kanoite crystals were synthesized using the fluxgrowth method described by Skogby (1994) . In flux run (R8091) an oxide mixture of 2 (MnO 2 ):1 (MgO):3.6 (SiO 2 ) mol% and a nutrient to Na 2 B 4 O 7 -flux ratio of 2:1 by weight was used. This charge was heated at 1100 ЊC, equilibrated for 24 h, cooled to 750 ЊC at 4 ЊC/h, and finally quenched to room temperature. The chemical compositions of the products of these experiments were determined with a CAMECA SX50 electron microprobe. Synthetic tephroite, enstatite, and forsterite were used as standards. The operating conditions were 15 kV accelerating potential and 20 nA beam current. The acquired signals were corrected for atomic number, mass-absorption, and secondary fluorescence effects using the CA-MECA-PAP version of the Pouchou and Pichoir (1984) procedure. Average compositions of the kanoite crystals (R8091) were Mn 0.91 Mg 1.10 Si 1.99 O 6 (cation element compositions Ϯ 0.06). A structure refinement of a flux-grown kanoite crystal (X7, R8091) was performed using intensity data collected at room conditions with a Siemens 3-circle goniometer equipped with a CCD-detector. Data collection and refinement parameters are given in Table  1 1 . The crystal displayed sharp h ϩ k ϭ odd reflections indicative of P2 1 /c symmetry and the refined structural parameters are given in Tables 2 and 3 . This structure refinement indicates that Mn and Mg are ordered between the M2 and M1 sites yielding the composition Mn 0.84 Mg 1.16 Si 2 O 6 . A kanoite crystal, X9, of the same batch but of a composition slightly closer to the endmember formula was selected for the high-pressure study.
The MnSiO 3 clinopyroxene was synthesized in the same multi-anvil run that produced the new phase MnSi 2 O 5 reported by Arlt et al. (1998) , and details of the synthesis are provided in that paper. The crystals exhibited relatively broad diffraction profiles, but the h ϩ k ϭ odd reflections indicative of P2 1 /c symmetry had the same widths as the h ϩ k ϭ even reflections. The unitcell parameters matched the ones published for MnSiO 3 (Tokonami et al. 1979) .
The Cr-containing clinopyroxene was synthesized from oxides by H. St. C. O'Neill using the methods described in Li et al. (1995) . Electron microprobe analysis of the sample yielded a composition for the clinopyroxene of Cr 1.01 Mg 0.99 Si 2 O 6 . A room pressure single-crystal structure refinement, to be published elsewhere (Angel and O'Neill, in preparation) High-pressure XRD data were collected from kanoite (X9 from run R8091), MnSiO 3 and CrMgSi 2 O 6 singlecrystals loaded in turn into a diamond-anvil cell designed by Allan et al. (1996) with 4:1 methanol:ethanol mixture as hydrostatic pressure medium. Unit-cell parameters of the clinopyroxenes were determined at high pressure by the method of eight-position diffracted-beam centering (King and Finger 1979 ) on a Huber 4-circle diffractometer. Details are given by Angel et al. (1997) . For the kanoite experiments, the pressure was determined to a precision of typically 0.01 GPa and an accuracy of 0.025 GPa from the shift of the fluorescence line of a ruby included within the cell, using the calibration of Mao et al. (1986) . For the other experiments, pressure was determined from the unit-cell volume of a quartz crystal included in the diamond-anvil cell, using the equation of state of quartz . Results are presented in Table 4 . Because the purpose of these experiments was to locate the P2 1 /c to C2/c transition in each sample it was only necessary at some pressures to confirm which phase was present, together with the approximate pres- 
.7737(9) 9.6664(10) 9.4405 (10) 9.4583 (7) 9.6361(5) 9.4713(9) 9.3593 (10) 8.9540(10) 8.8809 (12) 8.8035 (12) 8.8160 (10) 8.8565(6) 8.8284(12) 8.7166 (14) 5.2624(5) 5.2147 (7) 5.0297 (7) 5.0398 (4) 5.2015(3) 5.0500 (5) sure. This was achieved by centering a subset of reflections of the clinopyroxene and, in the case of the MnSiO 3 and CrMgSi 2 O 6 experiments, a subset of the quartz reflections. Although this procedure unambiguously determines the clinopyroxene phase present through the value of the ␤ unit-cell angle of the clinopyroxene, the unit-cell parameters are necessarily less precise than those of a full determination and are therefore not reported in Table 4 .
Intensity data were collected on a CAD4 diffractometer (monochromatic Mo radiation) on one synthetic kanoite crystal (X9, R8091) in the C2/c phase at approximately 5.20 GPa. Data collection procedures are the same as described by Miletich et al. (1997) . The -scan profiles were inspected visually and then integrated to yield intensity data. Examination of an initial data set collected to 2 ϭ 60Њ revealed no significant intensity at the positions of reflections with h ϩ k ϭ 2n ϩ 1, or l ϭ odd in h0l, indicating C2/c or Cc as the possible space groups, the former being confirmed by subsequent successful structure refinement. A second data set was collected including all reflections allowed by C2/c symmetry, and this was used for structure analysis. After correction for absorption by the crystal ( ϭ 35.4 cm Ϫ1 , transmission factors ϭ 0.85-0.87) and the DAC (transmission factors ϭ 0.33-0.39) the data were reduced to structure factors and averaged in Laue group 2/m. The internal agreement index was R int ϭ 0.035 for 166 averaged reflections with I Ͼ 3 I . Structure refinement proceeded from a starting model based upon the high-pressure C2/c structure of FeSiO 3 clinopyroxene, and converged to R u ϭ 0.043, R w ϭ 0.046, G fit ϭ 1.4 for 166 observed reflections and 22 variables (including isotropic displacement parameters for all atoms, and a variable describing the Mg/Mn distribution between the M1 and M2 sites subject to the constraint of the composition determined by microprobe analysis). Refined atom coordinates and the isotropic displacement parameters are reported in Table 2 , selected bond-lengths and angles in Table 3 .
RESULTS
On increasing pressure to 4.91(1) GPa the kanoite crystal X9 remained in the P2 1 /c phase, but transformed to the C2/c phase on further increase of the pressure to 5.20(1) GPa at which point the data collection for the single-crystal structure refinement was performed. Pressure release to 5.05(1) GPa (C2/c) and further down to 4.93(1) GPa yielded the expected reversible transformation to the low-form indicated by the reappearance of the C2/c-forbidden reflections with h ϩ k ϭ 2n ϩ 1 and the large value of ␤. A second cycle through the transition yielded consistent results (Table 4) , and a reversed bracket in pressure between 4.93(1) GPa and 5.20(1) GPa with the minimum width of the hysteresis loop being 0.07 GPa [between 5.05(1) and 5.12(1) GPa].
In several cycles (see Table 4 ), the P2 1 /c to HP C2/c phase transition was reversed between 3.581(8) GPa and 3.643(7) GPa in CrMgSi 2 O 6 , without any detectable hysteresis. In end-member MnSiO 3 the transition was initially reversed between 3.154(6) GPa (increasing pressure) and 2.894(5) GPa (decreasing pressure). Upon a subsequent small pressure increase to 2.905(5) GPa diffraction maxima from both the P2 1 /c and C2/c phases were found, indicating that the two phases were co-existing within the same ''crystal.'' Even though the intensities of the nonoverlapped reflections of each phase were approximately 50% of the intensities found in the single-phase regimes, the cell parameters of both phases could be measured simultaneously. Because chemical inhomogeneities of the synthetic end-member MnSiO 3 are unlikely, the effect of pressure-buffering in the diamond-anvil cell is believed to cause this coexistence and allows the transition pressure to be quoted as 2.905(5) GPa.
DISCUSSION

C2/c structures of kanoite
All pyroxene polymorphs consist of chains of cornersharing silicate tetrahedra that crosslink, by shared O atoms, parallel bands of octahedrally coordinated cations. The refined site occupancies of the M1 and M2 sites of high-pressure C2/c kanoite (Table 2) (Shannon 1976) . These values compare to that of 0.78 Å for octahedrally coordinated Fe 2ϩ . Therefore, as expected, the average M1-O bond length (Table 3) in kanoite is intermediate between that found in HP C2/c ferrosilite (2.14 Å ; Hugh-Jones et al. 1994 ) and in HP C2/c enstatite (2.02 Å ; Angel et al. 1992) , and the average M2-O bond length in HP C2/c kanoite is slightly greater than the 2.18 Å in HP C2/c ferrosilite leading to a larger volume (13.88 Å 3 ) of the MnO 6 octahedra compared with FeO 6 . However, the distortion of the M2 site of HP kanoite (angle variance AV ϭ 55.2; quadratic elongation QE ϭ 1.0219; Robinson et al. 1971 ) is significantly greater than that in HP ferrosilite, reflecting the different influences of the electronic states of the Mn 2ϩ and Fe 2ϩ cations. Because the configurations of the cation sites in pyroxenes are intimately related to the configuration of the tetrahedral chains, the overall topology of the high-pressure kanoite structure is very similar to that of ferrosilite. In HP C2/c kanoite these tetrahedral chains are O-rotated (following Thompson 1970) and strongly kinked with a chain extension angle, O3-O3Ј-O3Љ, of 140.4Њ, similar to the angle in HP C2/c ferrosilite (138.4Њ).
The relatively low temperature of the P2 1 /c to C2/c transition in kanoite (240 ЊC, Arlt and Armbruster 1997) allows detailed comparison of the structures of a HT clinopyroxene with a HP clinopyroxene (both C2/c) at much closer conditions than was previously possible (HughJones et al. 1994) for FeSiO 3 in which the HT phase only appears above 1050 ЊC (Sueno et al. 1984) . Note that the high-temperature study of kanoite by Arlt and Armbruster (1997) only extended to 270 ЊC, so that structural change due to cation redistribution during the heat treatment can be excluded. However the structural parameters of synthetic kanoite (Table 2 and 3) differ significantly from natural kanoite reported in Gnos et al. (1996) at room temperature. The M1-O bond length of the synthetic sample is larger than in natural kanoite because M1 is almost purely occupied by Mg in the latter, whereas the M2-O bond length is shorter as a result of the synthetic material being Ca-free.
In general, the metrical changes due to the high temperature and high pressure phase transitions from P2 1 /c to C2/c are similar, but opposite in sign. The changes at high temperature are smaller; in kanoite, the angle ␤ increases only 0.4Њ to 109.26Њ in the high temperature transition, and the changes of a, b, c, and V are ϩ0.3%, Ϫ0.1%, ϩ0.4%, and ϩ0.5%, respectively (Arlt and Armbruster 1997, compare with Table 5 and Fig. 1 ). Because the unit-cell dimension b changes by only 0.2% at the P2 1 /c to HP C2/c phase transition, the metrical changes correspond to almost purely a shear of the unit cell in the (010) plane. The same pattern has been observed at the HP phase transitions in MgSiO 3 and FeSiO 3 Hugh-Jones et al. 1994) . Generally the changes in kanoite, MnSiO 3 , and CrMgSi 2 O 6 are slightly smaller than those observed for MgSiO 3 and FeSiO 3 (Table 5).
The most significant structural difference between the HT and HP C2/c structures is the O3-O3Ј-O3Љ tetrahedral chain extension angle (Fig. 2) . In high-temperature kanoite (Arlt and Armbruster 1997, at 270 ЊC) the chain is almost straight with O3-O3-O3 ϭ 175.4Њ, whereas that of the HP form is extremely kinked (140.4Њ: Table 3 ). As for ferrosilite, the configuration of the tetrahedral chain in the HT structure is very similar to the A-chain of P2 1 /c kanoite (O3-O3-O3 ϭ 171.7(2)Њ at 25 ЊC; Gnos et al. 1996) while the chain extension angle of HP kanoite is close to the B chain extension angle of the P2 1 /c phase (147.09(11)Њ at 25 ЊC, Table 3 ). Because the chains run parallel to the c axis, these changes in extension angle lead to the large differences in the c unit-cell dimension that we noted above. Also, because the tetrahedral chain of the HP C2/c structure is much more kinked than in the HT structure, both the M1 and M2 sites (͗M1-O͘ ϭ 2.089 Å and ͗M2-O͘ ϭ 2.289 Å ) are larger and more distorted in the HT phase compared to the HP structure.
The differences between the HT and HP C2/c structures, and in particular in the chain extension angles, are much larger than any changes that have been reported to occur as continuous changes in a clinopyroxene as a result of changes in P and/or T without phase transitions. Our new data on HP kanoite therefore support the idea that the HT C2/c and HP C2/c clinopyroxene structures are distinct phases separated by an isosymmetric phase transition or crossover (Christy and Angel 1995) . This idea can be tested through in-situ high-pressure, hightemperature diffractometry of kanoite (Arlt et al., in preparation) .
Controls on the transition pressure
Determination of the pressures of the P2 1 /c-C2/c transformation in kanoite, MnSiO 3 , and CrMgSi 2 O 6 provides a stringent test of any proposed relationship between the transition pressure and crystal chemistry of clinopyroxenes. Prior to this study, the available data along the MgSiO 3 -FeSiO 3 join (Angel et al. 1992; Ross and Reynard 1998, unpublished data) were consistent with the idea that the transition pressure is a single, smooth function of average cation radius (Fig. 3 , open squares). Whereas the 3.60 Ϯ 0.03 GPa pressure for the transition in CrMgSi 2 O 6 falls approximately on this trend, the transition pressures for the two manganese-containing pyroxenes do not. The discrepancy is exaggerated if the radius of the M2 cation is used as the ordinate in Figure 3 ; the data points for kanoite and CrMgSi 2 O 6 then being shifted to the right. Because both Fe 2ϩ (3d 6 ) and Cr 2ϩ (3d 4 ) possess four unpaired electrons, our results suggest that electronic effects might be an additional in-fluence on the pressure of the P2 1 /c to HP C2/c phase transition with a contribution from crystal field effects stabilizing the HP C2/c clinopyroxenes with Cr 2ϩ and Fe 2ϩ . A similar reduction of transition pressures occurs for the high-pressure olivine to spinel transformation in Fe 2 SiO 4 , Co 2 SiO 4 , and Ni 2 SiO 4 (3-7 GPa) compared to Zn 2 SiO 4 and Mg 2 SiO 4 (13 and 12 GPa) (Syono et al. 1971) . This behavior was attributed to excess crystal field stabilization energy (CFSE) for Fe 2ϩ , Co 2ϩ , and Ni 2ϩ in the octahedral sites in spinel over those in olivine (Burns and Sung 1978) ; their arguments can be transferred to the case of the pyroxenes. For Cr 2ϩ -and Fe 2ϩ -containing clinopyroxenes there will be an additional contribution to the free energy change associated with the P2 1 /c to C2/c transition due to the different CFSE for these ions in the octahedral sites in the two phases. This energy contribution, ⌬G CFS consists of an enthalpy term ⌬H CFS and an entropy term T⌬S CFS (e.g., Burns 1993) . The sign of the enthalpy term will be determined by a balance between a negative contribution (i.e., greater CFSE) because the octahedral sites in the HP C2/c polymorph are significantly smaller than those in the P2 1 /c structure (⌬␣R Ϫ5 ), and a positive term arising from the fact that the M2 sites in the C2/c structure are less distorted than those in the P2 1 /c structure. The decrease in distortion will, however, also give rise to a counterbalancing positive ⌬S CFS term arising from an increase in electronic entropy. Because we observe a stabilization of the C2/c form by Cr 2ϩ and Fe 2ϩ we conclude that the volume decrease of the octahedral sites is the dominant factor and leads to a negative sign of ⌬G CFS .
